The friction and wear properties of AISI 1045 steel, nylon 6.6 composites with different types and percentages of reinforcement and a nitrile rubber, Alpha 66, were submitted to sliding wear tests. The five types of nylon 6.6 composites tested generated matching, low values for the coefficient of friction. This may be due to the greater influence of the nylon 6.6 matrix on the coefficient of friction. However, the wear in nylon composites showed wide variation, determined by the type of reinforcement added to the composite. The other two materials tested, nitrile rubber and 1045 steel, showed behavior different from that of the composites. The NBR (signifying a norm established by the Brazilian Association of Technical Norms) rubber showed a superior coefficient of friction and greater wear. On the other hand, the steel showed a high coefficient of friction and low wear, suggesting that the coefficient of friction has no direct connection to the wear resistance of the materials studied here.
Introduction
Component or structure failures may occur due to damage caused by physical deformation, the formation and propagation of cracks, corrosion or wear 1 . However, the degradation of a mechanical component as a result of operating conditions is in most cases concentrated or starts at its surface due to, for example, wear phenomena 2 . Equipment with moving parts such as ball bearings, pump impellers, spherical valves, gears, pulleys, wear plates, bearings and friction rings that accompany the clutch system, etc., suffer wear. As a result, the repair of equipment and the loss of production cost companies billions 3, 4 . It is increasingly important, therefore, to develop materials with improved wear resistance.
It must be considered that wear is not just an intrinsic property of the material, but results from the characteristics of engineering systems (tribosystems). A tribological system includes the surface that suffers wear, the agent of wear and the environment in which the parts involved are acting. Thus, the main factors that contribute to wear are: hardness, toughness, chemical composition, the constitution and microstructure of the materials in contact, pressure, speed, temperature, surface finish, lubrication and corrosion 5, 6 . All materials are prone to these phenomena. However, some materials tolerate or resist wear more and have a low coefficient of friction under certain conditions. Because of the importance of wear and friction, several studies have been and are being developed to identify the tribological systems that provide a longer service life to parts that undergo wear.
Polymers and reinforced polymers are of interest to some applications involving wear conditions because of their low density, ease of processing and low coefficients of friction and wear 7, 8 . The issue of wear in polymers has gained more attention because of their suitability in the manufacture of machine elements in the food and pharmaceutical industries, as they require no lubrication. However, the group of polymers of tribological interest is restricted. To this group belong PTFE (polytetrafluoroethylene -Teflon®), polyurethanes, UHMWPE (ultra high molecular weight polyethylene), PEEK (polyether-ether-ketone), polyacetals, epoxies, phenolics and polyamides (nylon) 9 . Nylon 6.6 is a polymeric material that has attracted attention in engineering applications due to its low cost, high mechanical strength and high wear resistance. In some applications, only the nylon is used, but when a higher wear resistance is required, the use of reinforcements in the polymers is recommended to improve their properties.
Nylons are structural plastics and are distinguished from other polymers because they have a good combination of chemical, thermal, mechanical and tribological properties as well as high processability and low cost 10 . Nylon is a . These materials are used in lowfriction, non-lubricated parts.
One example is the clutch disk system, which requires a material that resists high levels of cycling, has a high resistance to temperature and specific pressure, and whose coefficient of friction is not vulnerable to these temperature variations or specific pressure. The nylon composite meets these requirements well. It is important to know the characteristics of this material when subjected to wear so we can define the project construction parameters.
Owing to their price, the nitrile NBR (signifying a norm established by the Brazilian Association of Technical Norms or ABNT) rubbers, on the other hand, are used in applications where, in addition to desirable mechanical properties or resistance to dynamic fatigue, resistance to swelling in oil or gasoline, heat aging and abrasion is required. They are used in many industries, such as the automobile industry and the mineral oil sector 12 . The dry clutch, for automotive vehicles with manual transmissions, is located between the engine and transmission and makes use of friction to transmit the rotational movement of the engine to the gearbox. The dry clutch's main function is to engage and disengage the transmission from the engine to allow gear changes and to ensure the transmission of the required torque smoothly and noiselessly. A clutch is basically divided into three parts: the clutch disc, the plateau and the drive system. The clutch disc's primary function is the transmission of torque to the transmission; but, just as important, the clutch disk also has the function of isolating the torsional vibrations generated by the engine. Without proper mitigation, these vibrations cause unwanted noise to the driver. This component is responsible, through friction on the flywheel and brake system's pressure plate, for transmitting the torque required by the vehicle and provided by the internal combustion engine. During the coupling between the engine and transmission, where there is relative velocity or decoupling between the parts, there occurs wear and consequently heating of the material 13 . It should be noted that, despite the increased number of vehicles with automatic transmissions in the world market, the use of dry disc clutches appears to be stable and without much risk of obsolescence, especially for emerging markets. This further reinforces the need to develop and refine models that represent the current needs of the dry clutch system; that is, considering wear over the service life of each component. This then leads to further discussions on the most detailed modeling of the entire clutch system, from the pedal to the slave cylinder 13, 14, 15 . Although wear is rarely catastrophic for a component, it leads to loss of efficiency, vibration and misalignment. In extreme cases, some cracks may lead to fractures, and the fragments formed can often damage the equipment 1 . Thus, the study of the factors which contribute to wear and the precise study of the materials that undergo friction in a particular application are invaluable tools to assess the durability of an assembly safely and reliably, saving time and reducing spending on field tests 6 .
The current study aims to determine the wear resistance and coefficient of friction generated at the contact between 1045 steel and nylon 6.6 composites with different types of reinforcement or Alpha 66 NBR rubber. 1045 steel is used for the manufacture of clutch discs, and it will be assessed if coating one of the components of the assembly with nylon 6.6 and nitrile NBR rubber would increase the service life of the part. In such a case, the nylon composite and rubber would serve as sacrificial materials, thus avoiding the need for replacement of the steel.
Material and Methods
To determine the wear resistance and coefficient of friction of the tribological systems studied here, we considered AISI 1045 steel in contact with nylon composite materials with different types of reinforcement and nitrile NBR rubber. The metal device, referred to here as antifriction material, has a flat surface and exerts pressure at a given angular velocity directly against another antifriction device. The latter, in turn, with an area of 800 mm 2 and a flat surface, is coated with the polymers under study. In the current study, the following polymers are tested:
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with 30% fiberglass and a 15% TPFE load (N6630%FG15%TPFE); • nylon 6.6 matrix composite reinforced with 10% carbon fiber and a 20% TPFE load (N6610% CF20%TPFE); • nylon 6.6 matrix composite reinforced with 20% aramid fiber (N6620%AF); • nylon 6.6 matrix composite reinforced with 25% fiberglass and 15% aramid fiber (N6625%FG15%AF); • nylon 6.6 matrix composite reinforced with 35% glass fiber (N6635%FG); • nitrile NBR rubber alpha 66 (Alpha 66); • uncoated, that is, AISI 1045 carbon steel (Steel). Table 1 shows the tensile strength values of the materials studied, per the manufacturers' specifications. Figure 1 (a) gives an overview of the friction system used in the present study. The friction ring may be observed between the two flat steel faces (antifriction). The transmission of the motion between the frictional surfaces is performed by the tribological system cube, called the torque transmission hub, which is coupled to the axes of the testing machines, as can be seen in Figure 1(b) .
The wear test was performed using the slippage between the tribological systems. The antifriction devices and the Table 2 .
The wear suffered by the materials was determined by measuring the percentage of the volume of the material before and after the test. The higher the wear percentage, the lower its wear resistance under the conditions studied here. The wear evaluation points were chosen in such a way as to scan the entire spectrum of applications to which a frictional assembly may be subjected during actual use. The coefficient of friction was determined using a hysteresis testing machine. The value of the coefficient of friction is defined by Equation (1), where the hysteresis value is given by the testing machine's own software.
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where μ is the material's coefficient of friction, H y is the hysteresis of the system, F n is the normal force with which the 1045 steel surface compresses the friction ring against the base of the device, n is the number of surfaces experiencing friction in the assembly and r m is the mean radius of the friction ring upon which the plate exerts force. The fluctuations in the coefficient of friction can be attributed to factors such as wear, oxide breakage, load variation, velocity and with phenomena associated with the removal of wear debris, as well as the vibration created by the moving parts of the equipment or the environment, among others. The average of the coefficient of friction varied for Pantaleón 16 : in the first 3.000 s, the variation in the mean of the test parameters showed values that decreased. The same behavior was observed for the different test loads; that is, we can predict a convergence of the trends of the measured values and assume they are the moments when the surfaces in contact acquire greatest conformity 16 . Seeing as the variation became constant or zero after 3.000 s, it follows that a stable coefficient of friction process prevails thereafter, and it can be assumed that one wear mechanism is preferred. For the coefficient of friction test, a stabilization period of 20.000 cycles was established for greater test result accuracy.
Temperature varies during the wear test. As discussed by Laranjeira 17 , the effect of the temperature on polymers is very important, as it affects the mechanical properties and stability of the polymer. Temperature depends on the test conditions and the heat generated by friction at the interface; the dissipation of frictional energy in the contact zone leads to an increase in temperature 17 . To analyze temperature discrepancies, various temperature values were collected every 20.000 cycles -a distance corresponding to 156.4 meters. To this end, we used a Raytek PM plus model PM20 laser temperature measuring instrument. This temperature is influenced by the friction and frequency of contact between the frictional components. The statistical distribution that best models the behavior of the variable was obtained by a piece of software called MinitabTM. Of all the distributions tested, normal distribution was that which best modeled the behavior of the temperature. The calculation of the distribution parameters was done by the maximum likelihood method (MLE), and the choice of distribution was made using the Anderson-Darling test (AD). Figure 2 illustrates the percentage of wear suffered by each material. The average temperature for each test is shown in Table 3 .
Results and Discussion

Determination of wear resistence
The N6610%CF20%PTFE composite showed less wear than the seven other materials tested, as shown in Figure 2 . This is because this composite consists of a PTFE load -a material considered a solid lubricant that is very resistant to wear -as well as carbon fiber made of graphite, which is also considered a solid lubricant extremely resistant to wear and an excellent heat dissipater 18 . This heat dissipation characteristic is demonstrated by the lower temperature attained during the wear test, as can be seen in Table 3 . The carbon fibers may be subjected to adverse conditions 17 , which was not reached during testing. As for the 1045 steel, this material showed a minimum wear of 0.8%, which is very close to the wear suffered by N6610%FG20%PTFE.
The low wear on the 1045 steel can be explained by its rigidity, which is far superior to the other materials tested here. Another factor that swayed this result was the working temperature. The temperature reached by the steel during the wear test was 114.4 °C, which does not significantly influence its resistance or change its behavior; the melting point of 1045 steel is around 1500 °C, whereas that of the composites is around 250 °C. Ductile materials generally exhibit greater sensitivity to sliding wear than hard materials of a similar kind. However, despite the higher mechanical resistance of the steel than N6610%FB20%PTFE, as shown in Table 1 . N6610%FB20%PTFE is a solid lubricant, which explains its greater resistance to wear.
The N6630%FG15%PTFE composite, with test temperatures reaching an average of 76.6 °C, showed 1.3% wear. This is because this composite had a PTFE load, which is regarded as a solid lubricant that is very resistant to wear, as well as fiberglass -a material with high mechanical strength. The lower wear resistance of N6630%FG15%PTFE compared to N6610%CF20%PTFE is due to the lesser amount of lubricating material in its composition, which was more efficient in wear resistance for the present study.
The N6635%FG composite showed 2% wear. Fiberglass is a material with high mechanical strength, particularly compression, and it is often employed in structural applications. It is important to note that this composite showed lower wear resistance when compared with other composites that possesses lubricant reinforced.
The N6625%FG15%AF composite had a 3.3% wear. It can be concluded that the addition of aramid fiber decreased wear resistance. Comparing the glass fiber composites (N6635%FG) with aramid fiber composites (N6620%AF), we see that the high compression factor and temperature favored the fiberglass. Furthermore, fiberglass is heat-stabilized and offers superior strength, rigidity and dimensional stability while maintaining excellent wear resistance 17 . The N6620%AF composite was the material with the second worst result (4% wear). The effect that composites with aramid fibers have of decreasing wear resistance was also observed by Zangiacomi 19 in a study conducted to determine the properties of composites with different reinforcements for use in brake pads 19 . It has been observed that increasing the aramid content in brake pads increased hardness and shear resistance, decreasing density but increasing wear rate from 0.63g to approximately 0.85g. As noted by Bolvari 20 , the wear resistance of the nylon 6.6 matrix composites reinforced with 5 to 15% aramid exhibit good wear resistance. However, further increasing the amount of aramid causes an increase in wear rate due to the fibrous debris generated, resulting from the poor adhesion of aramid fibers to the matrix 20 . Furthermore, one of the limitations of composites with aramid fiber is their low compressive strength, which may have contributed to a lower wear resistance here 21 . Taking this into account, and considering that the significant difference was the type of reinforcement used in the manufacture of the composite, we see that the reinforcement is fundamental in determining the wear resistance of a polymer matrix. Alpha 66 had the largest amount of wear of all tested materials (~10%). Figure 3 shows the values of the coefficient of friction obtained for each material, which were obtained after the stabilization period of 20.000 test cycles.
Determination of the coefficient of friction
The composite N6610%CF29%PTFE exhibited a coefficient of friction of 0.16 -the lowest of the values found. This may be explained by the reinforcements present in this composite, PTFE and carbon fiber. Both are considered solid lubricants, that is, the reinforcements help the material to slide, reducing its friction value.
The N6625%FG15%AF composite showed a coefficient of friction of 0.16 -a value as low as the PTFE and carbon fiber composites. The N6620AF composite obtained a coefficient of friction of 0.17 -a value similar to PTFEreinforced composites.
The N6630%FG15%PTFE composite obtained coefficient of friction of 0.19. This value was mid-range when considering only the highest and the lowest values found for composites with nylon matrices. This is because the reinforcements are PTFE, which is considered a solid lubricant, and fiberglass, which is considered abrasive. The N6635%FG composite, which contains only fiberglass reinforcement, showed a coefficient of friction of 0.22. This value was the highest among the nylon composites, and it can be explained by the fact that fiberglass is considered an abrasive element. In general, N66 matrix composites produced very similar results.
In the case of Alpha 66, the coefficient of friction obtained was 0.44. Alpha 66 had the highest coefficient of friction, at double that of N66. This is due to differences between the properties of rubber and those of thermoplastic composites.
The SAE 1045 carbon steel exhibited a coefficient of friction of 0.38. We observed that the coefficient of friction of this material is much higher than that of the nylon composites, being almost equal to that of the rubber. This material has a different properties than the other materials tested, as there is no lubricant in its composition. For most metals, wear occurs because the subsurface layers harden until micro-cracks develop through the coalescence of micro-cavities. Sheets of material are oxidized, broken, and they then break away. The surface roughness increases and the damage is exacerbated by debris 22, 23, 24 . Wear particles produced during the test oxidize, and these increase the coefficient of friction of the surfaces in contact. Figure 4 shows the comparison between the wear resistance and coefficient of friction data resulting from the tests in this study.
Comparison of wear and friction tests
The results show that the five types of nylon composite studied obtained low and very similar values for the coefficient of friction. This may be due to the greater amount of material in the N66 composites (matrix), indicating the superior influence of this material on the coefficient of friction. Nylon can also be considered a lubricant, albeit of a lesser intensity than PTFE or carbon fiber. The nylon composite with a PTFE load had lower coefficients of friction and low wear, as PTFE is a solid lubricant and is very resistant to wear (see Figure 4) . This factor also corroborates the results found for the carbon fiber composite; a mixture of the two composites resulted in low values for the coefficient of friction and the wear percentage
The coefficient of friction for the composite with 35% fiberglass was slightly higher for this class of materials, which can be explained by its wear mechanism -breaking, exposure and tearing of high-strength fibers during the wear process 25 . However, the higher coefficient of friction obtained for fiberglass-reinforced composites was not of decisive influence for their wear resistance.
Steel has a mid-range coefficient of friction when compared to N66 composites and Alpha 66. Figure 4 shows that the coefficient of friction of steel was almost twice that of the N66 composites, and its wear was similar to the carbon-fiber-reinforced composite and those with PTFE loads (PA6610%FC20%PTFE), the latter having showed the lowest wear percentage of any material under study here.
Alpha 66 has twice the coefficient of friction of reinforced N66 composites due to its strong adhesive property and low wear resistance.
Gustavo Cueva et al. 26 determined that the coefficient of friction has a direct relationship with the wear of brake discs made of cast iron. We observed that the materials that most wore were those that exhibited the greatest applied forces and highest coefficients of friction in disks during the tests 26 . This direct relationship between the coefficient of friction and wear resistance may be valid for similar tribological pairs that present common types of wear. In fact, as exemplified in K. H. ZumGahr 1 , tribological ceramicceramic and ceramic-metal pairs produce low intensities of wear, but not necessarily low coefficients of friction. On the other hand, a ceramic-polymer pair produces lower friction values, although wear intensity is high 1 . This behavior may be related to the tribological pair under study, since the wear test results show that the properties of each material cause differences in tribological behavior. Therefore, descriptions of the bodies in contact are particularly important.
The results of this experiment demonstrate that the metal-metal pair had a higher coefficient of friction than the metal-composite pair, although wear resistance was equal or even higher, depending on the type of composite being analyzed. For the case of the metal-rubber pair, the coefficient of friction was high and the wear resistance was the lowest of the materials tested. The metal-composite pairs produced similar coefficients of friction, which may be related to the N66 matrix. On the other hand, wear resistance varies widely among these materials, which reflects the influence of reinforcement on the wear resistance of these composites.
It can thus be concluded that the coefficient of friction has no direct relationship with wear resistance but rather with the tribological pair being studied. Furthermore, the reinforcement has a great influence on the wear resistance of materials.
Importantly, the material with the highest coefficient of friction will not always have the greatest wear. Other factors to consider are the hardness of the material, the working temperature and if the material is lubricating or not. If the material is not lubricating, it creates adverse outcomes.
The N6610%CF20%PTFE composite stands out for its greater wear resistance and lower coefficient of friction. However, if a project involves a high amount of friction, the best sacrificial material is Alpha 66, despite its wear factor.
Conclusions
We observed that the lubricating reinforcements added to the N66 matrix composites significantly modified the wear strength of the materials studied. The material with the greatest resistance to wear was N6610%CF20%PTFE (0.7%). Steel, the material with the higher mechanical strength, showed wear resistance (0.8%) similar to N6610%CF20%PTFE.
Among the composites studied, those containing aramid fiber (N6630%AF), showed the least wear resistance (4%). The composites with fiberglass (N6635%FG) showed 2% wear. The composite with fiberglass and aramid fiber (N6625%FG15%AF) showed a intermediate wear percentage (3.3%). Thus, it is apparent that aramid fibers decrease the wear resistance of the materials. The N6630%FG15%PTFE composite exhibited wear of 1.3%. This rate of wear was influenced by the lubrication generated by the PTFE and the strength provided by the fiberglass. Therefore, the type of reinforcement significantly influences the wear resistance of composites. The material with the worst performance in terms of wear resistance was Alpha 66, with 10%.
The coefficient of friction is directly related to the materials being studied. The nylon matrix determines the coefficient of friction for composites -0.16 for N6610%CF20%PTFE and N6625%FG15%AF and 0.17% N20%AF. However, this parameter begins to be influenced by fiberglass at higher amounts. The coefficient of friction was 0.19 for N6630%FG15%PTFE and 0.22% for N6635%FG.
The coefficient of friction was different for the other materials studied, ranging from 0.38 to 0.44 for steel and Alpha 66. It can thus be concluded that the coefficient of friction has no direct relation to wear resistance, but rather to the tribological pair being studied.
